A capacitive type 3-axis accelerometer for general industrial use was developed by using micro machining technology. A stable structure over the temperature was found by FEM analyses and experiments. The mechanism of non-linearity and cross-axis interference caused by the structure and electronics circuit were explained. And compensation methods were shown. The capacitive type 3-axis accelerometer was assembled with its control circuit and evaluated the performance. Typical performance is as follows.
INTRODUCTION
There are many requirements for small and precise multi-axis accelerometers in automobile, electrical and other several industrial applications. For example, in automotive motion control applications, the multi-axis accelerometer is required for chassis control and anti-lock brake systems. These accelerometers are desirable to detect three dimensions' accelerations as vector quantity. Many kinds of 3-axis accelerometers were developed and reported [1] [2] [3] [4] . In this paper we present the capacitive type 3-axis accelerometer with the complete electronics circuit which is able to use general industrial applications. Main aims of this sensor's development are reduction cross-axis interference and improvement temperature performance and linearity to fit general industrial use.
S TRUCTURES AND PRINCIPLES
capacitance changes and guard electrodes for the shield the electrically coupling among the detecting capacitors are formed on the bottom side of the top glass layer. The material of the second layer is silicon, which is fabricated by silicon micro machining technology. The common electrode is suspended by four peripheral beams, so that this electrode is movable freely in 3-axis (X, Y, Z) directions. Fixed electrodes are connected to aluminum pads on the silicon substrate through bumps. The material of the third layer is glass. This glass layer constructs seismic mass and pedestals. The bottom silicon layer provides protection against over-range acceleration. Fig. 2 shows the patterned array of fixed electrodes and the common electrode with suspension beams. (100) give the beam thickness. Aluminum pads for wire-bonding and insulation film pattern are formed at the dent on this silicon surface. Finally silicon layer is penetrated by TMAH except area covered with SiO2 film. The completed wafer is bonded to both lower glass and upper glass, as shown in Fig. 3 (b) . The lower glass is separated seismic mass and pedestals by dicing machine, as shown in Fig. 3 (c) . The bottom silicon stopper is bonded to the previous construction lastly, as shown in Fig. 3 (d) . The four layers substrate is separated to sensor chips by dicing machine and packaged like IC assembly line, as shown in Fig. 3 (e) and (f) [1] .
DISCUSSIONS Thermal Deformations
The construction of the capacitive type 3-axis accelerometer has a disadvantage against temperature change, because thermal stress is generated by the difference of the thermal expansion coefficient between glass and silicon. The behavior of movable electrode over the temperature was evaluated to minimize this disadvantage.
Thermal deformation of the movable electrode was analyzed by FEM. According to the results of FEM analyses, the movable electrode, which is 4mm square and bimetal-like structure of beams bend a little over the temperature change. As shown in Fig.   4 , we found that each bending directions of beams and the electrode are in the opposite side. This results suggested that there should be neutral line on the electrode as regard temperature change. We verified this phenomenon experimentally. Fig. 5 shows the relationship between the capacitance value variation and the location of the fixed electrodes. We decided the structure of movable and fixed electrodes accordingly this result.
Non-linearity and cross-axis interference
The change value of the electrode gap is in proportional to the acceleration. Equation (1) shows that the capacitance value is in inverse proportion to electrode gap. Because Z axis acceleration is detected by single capacitor (C5), Z output is in inverse proportional to Z direction acceleration.
Equation (3) indicate that X(Y) output is approximately in proportional to X directional acceleration. But the sensitivity of X axis output depends on Z axis acceleration as shown in equation (3). Fig. 7 shows experimental results of Z axis interference.
Equations to get both independent and proportional outputs are solved from equation (2) and (3).
where VRZ, VRX are outputs after compensation and KZ, KX are compensation coefficient which depend on only two geometric parameter that are do and dz. Using equation (4) and (5) we can obtain precise X, Y and Z components of acceleration vector. In case that this sensors are used in the system in which have CPU, it is easy to calculate equation (4), (5) . However there are many non-CPU systems in general industrial use, so in this section we explain the electronic circuit including compensation circuit. Fig.  8 shows the compensation method for cross-axis interference.
Proportional CV converters for Z axis connected to C5 capacitor and reference capacitor are driven by 2.5 Vp-p rectangle pulse.
Others connected to C1, C2, C3 and C4 are driven by the pulse controlled voltage in proportional to Z axis signal so that interference of Z acceleration is canceled. And also we apply nonlinear gain circuit for Z axis to compensate non-linearity problem. 6.
CONCLUSIONS
We have developed the capacitive type 3-axis accelerometer for general industrial applications, using micromachining technology. The temperature performance, cross-axis interference and nonlinearity were improved to a practical level. This sensor is expected to have high mass production potential.
As further development issues, we are going to develop the ASIC for our 3-axis accelerometer to get smaller size and higher performance. 
